Most living organisms have developed genetic systems to discriminate self from nonself, such as the immune system in vertebrates (28) or self-incompatibility systems in flowering plants (30) . Self/nonself discrimination is particularly critical for organisms that spontaneously form somatic chimeras, such as protists (dictyostelids and myxomycota), sponges, tunicates, ascidians, and filamentous fungi (10) . In filamentous fungi, nonself recognition is ensured at the sexual stage by the mating-type system, while vegetative nonself recognition leads to the process known as vegetative incompatibility (VI) (36) . Filamentous fungi readily form heterokaryotic cells after vegetative fusion of genetically different isolates by a process called anastomosis. However, most hyphal fusions between natural isolates trigger the VI-associated programmed cell death reaction (PCD) (22, 42) . VI is ubiquitous among filamentous fungi and is genetically controlled by specific het loci. Usually, a dozen het loci can be identified in a given species, a difference at any of them being enough to trigger VI. Vegetative incompatibility restricts horizontal transmission of deleterious cytoplasmic elements, such as viruses (33) , and prevents resource plundering by parasitic genotypes (12) .
Vegetative incompatibility is triggered by the coexpression of incompatible alleles from the same locus (allelic incompatibility) or from different loci (nonallelic incompatibility) (22, 41, 42) . So far, het genes have been cloned only in the two model species Neurospora crassa and Podospora anserina. Although unrelated, genes forming VI systems share two characteristics. First, extensive polymorphism can be observed between het alleles. For instance, in N. crassa alleles at the het-6 incompatibility locus are only 68% identical (44) , and alleles at the het-C locus are characterized by the presence of a highly divergent region that defines allele specificity (43) and are subjected to balancing selection (46) . Polymorphism is also observed between alleles of pin-C, a gene closely linked to het-C, both forming allelic and nonallelic vegetative incompatibility systems with each other (23) . In P. anserina, alleles of het-C are more variable within the open reading frame than in noncoding flanking or intron sequences (39, 40) . Finally, alleles at het-D and het-E loci involved in nonallelic incompatibility with het-C belong to the NWD gene family, whose members share the presence of a WD repeat domain made of a variable number of WD40 sequence units. The WD repeat domain defines allele specificity (16, 39) , and four positions of the elementary WD40 sequence are subjected to positive selection (34) , promoting accumulation of nonsynonymous mutations. The second feature shared by VI systems is a protein domain termed HET, found in most VI systems so far. The HET domain, a fungus-specific sequence, is characterized by three conserved blocks of 15 to 30 amino acids comprised within a sequence of about 200 amino acids (44) . The HET domain is encoded either by the het gene itself or by another gene involved in the system. In N. crassa, a HET domain is encoded by pin-C, a gene closely linked and essential to het-C incompatibility (23) , by tol, a mediator of mating type VI, and by het-6 (22, 44) . In P. anserina, a HET domain is located at the N-terminal end of HET-D and HET-E proteins (34) . Note that for the P. anserina HET-s prion system, no HET domaincontaining partner has been described yet, while in N. crassa the VI gene un-24 lacks a HET domain but forms haplotypes with het-6, their combination being described as a supergene (29) . As all these VI systems trigger a PCD, one might hypothesize that the HET domain is the trigger of VI-associated PCD (22) . Circumstantial evidence supports this idea. A point mutation in the HET domain of pin-C abolishes the VI reaction (23) , while mutations in vib-1 suppressing VI reactions in N. crassa result in low expression of het-6, tol, and pin-C, all HET domain-encoding genes (22, 47, 48) . Put together, these features lead to a modular conception of VI whereby recognition is ensured by the polymorphic regions of HET proteins and PCD is triggered by the HET domain included in the system (Fig. 1) . Interestingly, in addition to being found in various VI systems, analysis of several fungal genomes uncovered numerous HET domain-encoding genes whose functions remain unknown. For example, 55 HET domain-encoding genes have been annotated in the N. crassa genome (19) , and up to 38 were found in aspergilli genomes (18, 20) .
In P. anserina, het-C encoding a glycolipid transfer protein forms nonallelic VI systems with both het-D and het-E (C/D and C/E systems). As already mentioned, het-D and het-E are paralogues belonging to the NWD gene family (34) . NWD proteins share a central NACHT domain (24) and a C-terminal WD repeat domain (45) . Within this family, five members, including het-D and het-E, also encode an N-terminal HET domain and are named HNWD genes. A combination of high mutation supply through high WD40 repeat number and repeat-induced point mutation (a fungus-specific mutagenic process [21] ), positive Darwinian selection favoring accumulation of nonsynonymous mutations (32) , and concerted evolution leading to shuffling of WD40 sequences between members of the NWD gene family (31) promotes diversification of the WD40 repeat sequences (34) . The WD40 repeat domain of HET-E defines allele specificities of genetic interactions with het-C (16, 39) . HNWD proteins also harbor a central GTP binding site (16, 39) whose functionality is essential to VI (15) . The GTP binding site of HET-E was a defining member for the NACHT type of GTP binding site (24) . HET-D and HET-E belong to the STAND class of proteins. STAND proteins associate the P-loop NTP binding site with numerous domains that include PCD-controlling proteins (25) . STAND proteins are believed to transduce signals through a conformational change of the protein after hydrolysis of the bound NTP. Thus, in the modular conception of VI systems, the recognition modules of the C/D and C/E systems are constituted of HET-C proteins and of the WD repeat domains of HET-D and HET-E proteins, and the HET domain would trigger PCD upon recognition (Fig. 1) .
The existence of nonallelic VI systems allowed for easy identification of mutations suppressing vegetative incompatibility. Indeed, appropriate crosses led to the production of spores harboring incompatible alleles from different loci in the same nucleus. Such spores can germinate, but after about 12 h, growth stops and the VI is induced. Both C/D and C/E VI systems are suppressed by mutations in mod-A1 and mod-B1 (3, 5, 7) . mod-A1 partially suppresses the VI reaction, while its association with mod-B1 results in complete suppression of the process. Note that no phenotype could be associated to the mod-B1 mutation alone in or out of the VI reaction. Cloning and analysis of mod-A1 revealed a proline-rich protein with little homology to known proteins (2, 27) , and current work suggests that mod-B is paralogous to mod-A (M. Paoletti, unpublished data). Other mod genes were selected from complex screens (for a review, see reference 27), but mod-A1 and mod-B1 remain the only two mutations suppressing all nonallelic incompatibility systems in P. anserina.
In the present paper we report that overexpression of the HET domain from het-E, alone, triggers a MOD-A-and MOD-B-dependent PCD reaction. HET domain-and VI-induced PCD reactions display identical cytological and morphological characteristics, including induction of autophagy (36) . Finally, the HET domain-associated PCD is independent of HET-C, the normal protein partner for HET-D and HET-E in VI. These results establish the HET domain as a central mediator of PCD in fungi.
MATERIALS AND METHODS
Fungal strains and transformation. All media, growth conditions, and genetic crosses for P. anserina were described previously (17) . The P. anserina reference wild-type (WT) strain is the s strain. mod-A1 mod-B1 is a double mutant harboring mutations mod-A1 and mod-B1, that totally suppress the VI reaction when combined (27) , GFP-PaATG8 is an s strain harboring an ectopic copy of the green fluorescent protein (GFP)-PaATG8 fusion (37) , and ⌬het-C is an s strain deleted for het-C. P. anserina cotransformations were performed using 1.5 g of selectable plasmid conferring resistance to hygromycin or phleomycin and 5 g of the plasmid of interest, as described in reference 4 or in reference 14, when heat shock was omitted to avoid heat-induced expression. Under these conditions, most protoplasts are transformed by both plasmids, which integrate at the same locus (V. Razanamparany, unpublished data); consequently, efficiency of cotransformation is a measurement of the toxicity of the transformed plasmids (14, 44) . The presence of the entire expression cassette was confirmed in 85% of transformants by PCR using the primers pMODE-F and HET-Kpn-R (Table 1) .
Plasmid construction and site-directed mutagenesis. First, a 1.5-kb EcoRI fragment was deleted from the pRP81.1 plasmid (38) bearing the P. anserina GPD promoter and trpC terminator to remove nonessential GPD promoter sequence (11) . Unique PacI, NotI, and KpnI sites were added between the GPD promoter and trpC terminator by amplifying the whole plasmid with primers GPD-F and TRPC-R (Table 1) to produce plasmid pOP1.2. An 892-bp fragment corresponding to the strong promoter of the mod-E gene encoding a heat shock protein (27) was amplified from P. anserina genomic DNA with primers pmodE-F and pmodE-pac-R and cloned in EcoRI and PacI sites in place of the GPD promoter, resulting in the plasmid pMODE. The DNA sequence encoding the HET domain of the het-E gene from strain s (amino acids 1 to 230, encoded by the allele het-E 4s ) ( Fig. 2 ) was amplified using primers HET-Pac-F and HET-Kpn-R from genomic DNA and cloned into both pOP1.2 and pMODE with PacI and KpnI, yielding the plasmids pOP-HET and pHET, respectively. All PCR amplifications were conducted with the Expand Long Template PCR system from Roche following the manufacturer's recommendations. Site-directed mutagenesis was performed with the QuikChange II mutagenesis kit by Stratagene. All primers are listed in Table 1 . RNA extraction and expression analysis. Fungal strains were grown on cellophane sheets on complete medium at 26°C for 2 days before transfer to 37°C for 3 h. Mycelia were scrapped off the cellophane, lyophilized, and ground to powder, and total RNA was extracted with the RNeasy plant mini-kit from Qiagen and RQ1 DNase treated (Promega). Quantitative reverse transcription-PCR experiments were conducted using the DyNAmo SYBR green two-step quantitative RT-PCR kit from Finnzymes, following the provider's recommendations. A 500-ng aliquot of total RNA was reverse transcribed using the random hexamer primer set, and quantitative PCR was carried out on an MW3000P thermocycler (Stratagene) with gene-specific primers (Table 1) . After an initial 2 min at 50°C and 15 min at 95°C, 45 cycles of 10 s at 95°C, 30 s at 58°C, and 30 s at 72°C were performed before a 10-min final extension at 72°C and a melting/re-annealing curve analysis of the final products. Data were normalized to histone H3 gene expression (Table 1 ). The data were analyzed with the MxPro QPCR software (version 3.0).
Cytological analysis and microscopy. Lipid droplets and septa were observed after Nile Red and Congo Red staining, and all microscopy observations were made as previously described (37) . Light and fluorescence microscopy observations were conducted on a Leica DMRXA confocal microscope. Dead mycelium was revealed by Evans blue staining followed by fluorescence microscopy observation. Quantification of the amount of dead fungal material was conducted as described in reference 35. Basically, mortality was estimated as the ratio of the length of dead fungal material over the total length of fungal mycelium.
RESULTS
Isolated HET domain expression is lethal. In a preliminary experiment, we placed the HET domain-encoding DNA sequence from the het-E gene of WT strain s (amino acids 1 to 230 of allele het-E 4s ) ( We placed the same HET domain-encoding DNA under the control of the heat-inducible mod-E promoter (27) on the pMODE plasmid, yielding the pHET plasmid. mod-E encodes a heat shock protein of the HSP90 family, and expression of the mod-E gene is induced upon transfer from 26°C to 37°C (26) . The same promoter was successfully used to drive expression of idi-4, another P. anserina gene whose overexpression is lethal (14) . WT s strain was transformed with pHET or with empty pMODE as a control. Transformants were recovered and growth compared at 26°C (repressing conditions) and 37°C (inducing conditions). After 48 h of incubation, 20 out of 28 transformants did not grow at 37°C but grew at 26°C, while 8 displayed severe alterations when grown at 37°C compared to 26°C. Control transformants grew equally well at 26°C and 37°C (Fig. 3A) . These results indicate that induction of the HET domain leads to growth arrest in P. anserina.
Mutations of conserved residues of the HET domain suppress lethality. To ensure that growth arrest was related to HET domain activity rather than an unspecific effect of overexpression, we sought to inactivate the HET domain. Kaneko et al. (23) found a loss-of-function point mutation in the HET domain of N. crassa pin-C; unfortunately, this position is not conserved in the P. anserina HET domain. Instead, we identified six tryptophan residues present in each HET domain of the HNWD gene family, all located in highly conserved regions (Fig. 2.) , four of which are conserved in HET domains from N. crassa het-6, het-C, and tol ( Fig. 2) (44) . As tryptophan residues are rare, their conservation is highly significant and could indicate that these positions are important to HET domain function. We successfully mutated five of the corresponding codons to alanine codons. Note that none of these mutations is predicted to affect the secondary structure of the HET domain (see Fig. S1 in the supplemental material). Mutated HET domain alleles were transformed into the WT strain. Efficiency of transformation was compared to control experiments (Fig.  3B ). Mutations at position 198, and at positions 33 and 135 conserved in N. crassa, led to a low transformation efficiency, similar to a nonmutated HET domain. Substitutions at these positions thus did not alter lethality. However, the W99A and W140A mutations lead to high transformation efficiencies and, thus, suppress HET domain expression lethality. We conclude that W residues at positions 99 and 140 are essential to the HET domain activity.
Lethality is suppressed in a mod-A1 mod-B1 mutant but not in a ⌬het-C mutant background. Cell death by incompatibility is partially suppressed by the mod-A1 mutation alone, while complete suppression of VI is achieved when the mod-A1 and mod-B1 mutations are combined (3, 5, 6, 27) . We first transformed a mod-A1 mod-B1 double mutant strain with the pHET plasmid. Transformation efficiency was equally high with control or HET domain-expressing plasmids. Out of 20 randomly selected transformants, 18 did not display any growth alteration after transfer to 37°C compared to 26°C and grew as well as control strains (Fig. 3A) ; the remaining two displayed the same growth alterations at 26°C and 37°C, most likely due to the site of transgene integration in the genome. The presence of the entire expression cassette was confirmed in 17 of the transformants by PCR using the primers pMODE-F and HETKpn-R.
Next, we chose to introduce the pHET expression plasmid into a mod-A1 genetic background by genetic crossing to avoid any risks of mod-A1 protoplasts failing to regenerate due to partial suppression. A total of 64 homokaryotic progenies of the cross WT::pHET ϫ mod-A1 were tested for growth at 26°C and 37°C and compared to 32 homokaryotic progenies of a control cross, WT::pHET ϫ WT. All progenies grew normally at 26°C, but for both crosses half the progenies failed to grow at 37°C, indicating that mod-A1 alone does not suppress the HET domain expression lethality.
It is interesting that suppression by mod-A1 mod-B1 mutations is specific to the HET domain-induced PCD. idi-4 en- codes a bZIP transcription factor specifically induced during the VI reaction and whose overexpression triggers a cell death reaction. However, mod-A1 and mod-B1 mutations fail to suppress lethality caused by idi-4 overexpression (14) . This observation combined with the fact that W residues at positions 99 and 140 are essential to the HET domain toxicity suggest that HET domain toxicity results from its activity rather than an unspecific effect of its overexpression. In wild-type isolates, the VI-associated PCD is triggered by a genetic interaction between het-E (or het-D) and het-C encoding a glycolipid transfer protein. One might hypothesize that HET-C is involved in mediating PCD, especially as ACD11, a protein homologous to HET-C in Arabidopsis thaliana, controls PCD (9) . Alternatively, in the modular system as presented in Fig. 1 , HET domain lethality would be independent of the glycolipid transfer protein activity. Consequently, we analyzed the lethality of HET domain overexpression in a ⌬het-C strain. We introduced the pHET plasmid in a ⌬het-C strain by genetic crossing with an s isolate in which HET domain induction is lethal. Following the segregation of selection and PCR markers, we selected four ⌬het-C progeny harboring the pHET plasmid. These progeny grew normally at 26°C but could not grow at all when placed at 37°C (Fig. 3A) . HET-C is then not necessary for HET domain-induced PCD.
From the above results, we conclude that HET domain expression leads to toxicity in P. anserina because of its intrinsic activity. This activity is independent of HET-C and is signaled through the same pathway as VI-associated PCD that involves the MOD-A and MOD-B proteins.
Expression of the HET domain. Using quantitative RT-PCR, we analyzed HET domain expression, corresponding to the het-E gene expression alone in WT and mod-A1 mod-B1 untransformed strains, or to the combined expression of the het-E gene and mod-E promoter-driven expression of the HET domain in the pHET transformant strains (Fig. 3C) . Unexpectedly, we observed that het-E relative expression was reduced when the WT and mod-A1 mod-B1 untransformed strains were transferred to 37°C. In contrast, transfer from 26°C to 37°C results in a 1.6-fold increase of HET domain expression in the WT transformant strain and a 2-fold increase of HET domain expression in the mod-A1 mod-B1 transformant strain. Although the observed induction is less than previously reported for het-E gene induction upon transfer to 37°C (26), we conclude that transfer of transformants to 37°C does result in the induction of the HET domain expression driven by the mod-E promoter in both WT and mod-A1 mob-B1 genetic backgrounds. Importantly, this is the first report of het-E expression, and we note that the het-E gene expression pattern does not appear to be modified by the mod-A1 and mod-B1 mutations under the conditions investigated.
Cytological consequences of isolated HET domain expression. One of the major features of VI is the induction of autophagy (for review, see reference 36). Autophagy is evidenced by relocalization of the GFP-PaATG8 fusion protein from the cytoplasm into the vacuole (37) . We introduced the pHET plasmid into a WT strain expressing a GFP-PaATG8 fusion. Upon transfer to 37°C (induction of HET domain expression), GFP-PaATG8 relocalizes from the cytosol to the vacuole (Fig. 4A) . GFP-PaATG8 relocalization is not observed in the control GFP-PaATG8 strain when it is transferred to 37°C. Induction of HET domain expression also leads to vacuole enlargement, production of lipid droplets, and increased frequency of septation (Fig. 4B) . Note that morphological alterations associated with HET domain expression were observed in the whole mycelium. These cytological alterations are all observed during VI-associated PCD (36) . In conclusion, all known cytological/morphological markers of the VI reaction are induced by the expression of the HET domain.
Quantification of HET domain-induced cell death. VI ultimately leads to up to 90% cell death in an auto-incompatible mycelium (36) . We analyzed the outcome of HET domain expression in different genetic backgrounds. Using Evans blue staining and the GFP-PaATG8 fusion protein to differentiate dead from living cells (Fig. 5A) , we estimated the amount of dead mycelia in HET domain-expressing strains (Fig. 5B) . After 48 h of incubation at 37°C, 80% of fungal material was dead when the HET domain was expressed in the WT and in the ⌬het-C strain. In contrast, a basal level of cell death (ca. 10%) was observed in the absence of HET domain expression or when it was expressed in a mod-A1 mod-B1 genetic background. We conclude that HET domain expression triggers cell VOL. 6, 2007 HET DOMAIN MEDIATES CELL DEATH 2005 death. This cell death is independent of the presence of HET-C but depends on the MOD-A and MOD-B proteins.
DISCUSSION
We have shown that the expression of the HET domain from het-E alone results in induction of all the phenotypes observed during VI-associated PCD, including autophagy, morphological and cytological changes, and ultimately massive cell death. The induction of all these phenotypes is independent of the presence of HET-C, the interacting partner of HET-D and HET-E in VI. VI-and HET domain-associated PCD is suppressed by the same combination of mod mutations. We conclude that the HET domain and VI cell death are closely related, if not identical. These data are consistent with the modular concept of VI systems. Our lab previously identified the recognition domain of C/D and C/E systems (16, 34) , and we have now confirmed the role of the HET domain as the mediator of VI-associated PCD.
What mechanism could lead to activation of the HET domain during VI? HET-D and HET-E belong to the group of STAND proteins, a class of nucleotide binding proteins that control PCD (25) , among which the mammalian APAF-1 controls cytochrome c-induced apoptosis (1). APAF-1 displays a structural organization similar to HET-D and HET-E, with a central NB-ARC domain (a class of P-loop NTP binding site) (25) , a C-terminal WD repeat domain, and an N-terminal (Fig. 6) , would free the HET domain and allow it to trigger VI-associated PCD. Consistent with that view is the fact that a mutant affected in the NACHT domain of het-E and unable to bind GTP is inactive in incompatibility (15) . All but two VI systems are known to include a HET domain partner, and so one might hypothesize that all VI systems work in a similar fashion. Under vegetative growth conditions, activity of the HET domain would be inhibited by binding to an inhibitor (intra-or extramolecular). Interactions between incompatible proteins would release the HET domain from its inhibitor and induce the cell death reaction (Fig. 6 ). In the C/D and C/E systems, the PCD would be mediated by MOD proteins. What could be the mechanism of HET domain induction? Although many aspects of the cell death by incompatibility have been described (36) , too little is known at present about the molecular aspects of the reaction to propose a plausible mechanism for HET domain-induced cell death. However, since the HET domain toxicity requires at least the mod-B gene product, our results cannot be explained by a simple direct toxicity of the isolated HET domain. Importantly, our work establishes that MOD proteins are acting downstream of the HET domain, unlike the vib-1 suppressor in N. crassa, which acts upstream of the HET domain-containing genes by controlling their expression (13) . It was suggested that MOD-A was involved in a signal transduction pathway (2) , and a particular mutation of mod-B triggers a cell lysis reaction similar to cell death by incompatibility (8) , and so one can speculate that the HET domain activates this putative MODcontrolled cell death pathway.
Several fungal genome sequences have been made publicly available in recent years, and it appears that HET domainencoding genes are far more numerous than the dozen genetically characterized VI systems in each species. For instance, 50 genes have been annotated as heterokaryon incompatibility genes in N. crassa (19) , up to 38 in Aspergillus species (18) , and current annotation of P. anserina reveals even more HET domain-encoding genes (unpublished), 3 of which are considered paralogues to het-D and het-E (34). These numbers highlight the importance of this domain to fungal biology and raise two obvious questions. Do all these HET domains correspond to VI genes, and are they all controlling PCD? Preliminary work suggests that expression of some other HET domains from P. anserina is toxic to P. anserina (unpublished). In addition, as the HET domain is fungus specific, PCD-controlling HET domain proteins could represent favorable targets for the development of specific antifungal drugs.
